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1  ‘rmims  rqmls al t h i s  c.onfcmncc  IIavc
shown how a battery  model  was dcwclopc41 usitig
])01011s C.lcdl o(lc. (Ilcxwy. ‘1’hc niodc.1 was firs[  Icpm (cd
ia 1991 (1). Since tbcn Inc. mdd has bcm
upgraded and expanded. ‘1 ‘hcsc upg,radcs  iachdc
oxygcm  rcaclim  and posil iw clcdmdc inkxalation it]

1991  ( ? ) .  ntld  pmlon cliffusicm itl 1992 ( 3 ) .  ‘J’hc
cffccls of adcli(ional  Mails of lbc solid stale physics
of the. nidd c.lcd ode wil I bc rcJmI [ccl IIcrciil. ‘1 ‘he.
mCI(lcl has bcm USC41 to pm] ic[ pcrfomancc  of Ni-(:cl
Cc.lls. IIcyold  lIw clcd[  ochcmic.al  aspects, hat (cl y
nlculclill: a$pcc[s haw been incm jmralcd,  includ in:,
]mwu  sub-syskm  inle.rfacc  and a tlwmal morlcl in
1991 (4), and cdl dcgradalioa aspcds  in 1993 (5,6).
“1’hc ]wcviously  ]cpol Icd thcwc.lical models h a v e
suffcw+  f r o m  aa inab i l i t y  (0 accLwa[cly prcdid
]mlemlials  across a range d’ charge. and dischatgc.
ra[c.s. ‘J’his  inacml  acy w a s  [[ acd to tlm nidd
clcctmdc.. hforc. sjx.ci~lcal I y, the cxjwc.ssiol]  for the
c.mduc.livi[y of the active ma(clial. A  tcm fm a
Sc.ho[[!iy jLlmtion was addcxl to the solid  p h a s e .
ccmduc[ivil y cxpmsim, ‘1 ‘his tcm uses (1IC
hypcl bdic tatgcnl  fullclim, wh icb pmvidc.s  tlw
cllataciclis[ic  saturation of a Sc.holtky jlmtion with
mixed 11-lyJn  / JI-type materials. ‘I”his bchavim is
c.omis(cnt with the, Ni(XJl I ma[crial  being an n-type
sclllic.ol~(lllc.[ol 011 d isc.halgc ad a  p-ly]n
scttlicotl(ll]c.lololl c.hatgc$ asrcpollcd  in tbclilcra[utc.
( 7 ) .  (Iollll>arisotl  of botlllJosi[ivc clccl1mlcall(lccll
Jcsults  give. sLIJKuicw  J)lcdic.[iom. ‘1’JIc  rc.sulls arc
compard  10 a variety of actual clata from clcc.[mdcs,
CCJIS, and ba[[c.[ic.s. ‘1’hc rwul(s arc. discussc4j with
rc.slwl  [0 (Ilcmodcl  of the ac[ivcmalcl.ial  layer, ad
(llc. itlt[i/~sica ssllll~l~tiollso f[l~c.l~~mlcl. ‘1’hcabilityof
tile nmdcl  to perform spaccc.rafl  simulations is
dc.molts[la[cd.  ‘I’llcililIJl icatiollsof  this wd olI o[lm
Ilickc.1 had systems arc. ciiscmscd.  Ni-112, ?+i-hfll
and Ni-7,n mculcls  will all bcdit frmn  tl]is work.
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!Ioilcrpla[c  IJala

l)ala  wa$ gmc.rated fm model c.aliblaliml
J}~lrl)c)ses  llsit~g aboilcr~)la[c.  ce][. ‘J’llcc lclailsc)fl]lis

c d l  and llIc C.llatactcli?aticm tcclniquc. h a v e
]mviously  hcl]rc.j)ortc.cl( 4),

‘J’hc cdl was opcralcd  at con$[anl  cwicnl
Iatc.sc .qtli\’alct][ to (~/20, C/10, and (Y2. lJsing ilIc.sc
ja[cs,i( wa~cllargc{l allcl{liscllatp,c(l, A scricsoftcs[s
t\’crc’rl  (Jllc.al (1’(:,2d’(:,  all(140’(:.  \VithoLll tbisd ala,
it is Ilcal’]y  itlljJc)ssib]c toc.a[ibratc  t}lcIllmlc],  Sample
cdl clata fm tlllcc dischalgc and charge Ialc.s al 20’(:
is allac.hcd aj liigutc.s 1 and 2.

@lWgll (;~lticllll’rc(lic.liolls

‘1’hc c.cwi~tanl Cut[cnt  pdiclion  wctc
gcllc.la[cd by silllula[itlg a 30 All  cdl design, awl
ILlllllillg it a t  t he  va r ious  (: ralcs cm chatgc. ad
dischatgc. ‘1’lm  raics arc bawd m tlm n o m i n a l
capac.i(yof26.5  All, aswccl  by NASA fortbc(ia[c.s
Acrospacc IIa[[c.ric.s  4311030A11-1615  d e s i g n ,
IJlcdic[io]l$  alc allacld as l’ig,um (3) ad (4).

1 )iffctcnccs in predictions and bc)ilc.q)latc c.c.11
data can bc analyzed by ccmparing liigutcs (1) and
(3)fo1 cllargc,a llclliigllrej( 2)atl(l  (4) fordiscllargc..
l’hc cmlpariscms slmv ]mtcntials that  arc
substantially (Iiffc.ren[.

~~icl-1’ia!cau ]’otcntials

‘J’o bcltc.r a n a l y z e  t h e  vaiiatiolls of
ovcqmlcntials. mid-plateau potentials w’crc  sldic.d.
‘1’hcse ate. ]mtcn(ials  takca f rom the nliddlc of tbc.
charge and discbaigc, cmrvcs. ‘1’hc.  Mid-point polcntial
analysis  pmvidcs anotbc.r cmll)aiisoll  of tlm nmdcl
and tbc boiler-pla!c Wit data. Only the positive
c.lc.c[mdcand tl)cccll  havcbcm shown, “J’hcne.gativc.
clcchcdc  is of less concmn,  bmamc. ii’s smaller
collttibLl{ioa  to ttm tdal cdl lm[c.lltial.

l;ig,ulcs  (5) ald (6) show tlm lltid-plateau
j]c)tctl[ials for tlm pmsitivc and Clll Imlclitials, ‘J’hc.
tlc.ll(ls clif[)la}c{lal  c.ofitlsLlfficiclltct \'c.rjJotclltial.  ‘1’hc
dcviatim  flolll tbc. rwcrsible. pomtial of 1.30 volts
for the cdl or 0.40 volts versus  llg/11:,() fm the
Jmsitivc Clcchodc. i s  tbc mal ovcq)otc.n[iat.
A(lcli[iollal  c.qLla[i()lI rcfitlcl[lclltsa rc.ai[llc.(l at adding
over-potcmlial,



1 kwia[icms in the mid-plaleatl pdcnlial  giws
a intcmsling owpolcnlial versus  lam Iclalionstlip.
‘1 ‘hc dcvia[io;]  ill prc41ic(icms and mcawrcd  po[c.nli als
wm c plo[tcd ill 1 ‘ip,um (7). ‘1’hc.  c.1101 is assumc41  to
bc Rppl oximatdy  mm 8[ opcm circuit, since rcvcrsiblc
po[cnlials aw fairly rcpcalab]c.  1 lowcwl,  al tl)c. al I
]o[cs,  fl om 0.05(~ to 0,5(:, the c1 ror~ wcw rcla[ivcly
collslan[ fot cllalgc. ald disc.llalgc  rcs[w(ivcly.  If 01M2
assutncs 1118( tbc.re.  is some ]hmw.non  nd dcscribd
by [bc cqualions sd, the phenomenon would have. to
giw cwcqmtcntial  wllicb sa[utales  al f a i r l y  low
Cul’lc.n[. ‘1’hcic, arc. w r y  fc.w plmmmclm)  in nature
v’bicll slmv polcldial salulalirm  cbaraclc.lis[ic.s  a$
shmvJI by this cum’c,. (hm is the c. ffc.d of a Scbcilky
junc[ioll, as dcvclopcd  at a metal-oxide jumtioll.  11
has pmvious]y  bccll sug.gcs[cd by Mcllrcml !Ilat such
a junc{ion cxisls in this sys[cm  (8), and many otlIcIs
IIavc su:,gcstccl  m ixccl sctllicoll(lLlc.lc);  malelials  (9).
lhlror[llnatcl~, no Lcfc.lcnc.cs wcm fm ml M’h ich
cxpcrimmldl  Iy c.haraclcriml  this jutldion.  1 )c.spilt
IIlis l a c k  d cmpitical vcrificatim,  a km for tbc
oxide fi Iln equal iol( was dcvclold.  ‘1’hc tcd m uses a
hyjwbo]ic. tangcn( function,  ‘ 1  ‘his i s  a commm
II) C[lIO(I d lqwcscu]ting Schottky  hart ic.rs in ttm scllli-
colduc[ol  device nmclc] ing fic.ld. ‘1 ‘his tcum was able
to artld [be model’s pcrformnacc at h mid-]mtcn[ial
]minl  SUCII that  tllc. cmors wcuc less [Ilan 10 Inv al
c.vcty I ale. lcslcd. “J’llis is a drma~ic  irl]]~lo~’cl[lctl[,

1’01 Iowit)g modifications to the c.onduc(ivit  y
c.qua[icm, Illc ndcl was cllaractcri~cd  at varioLls Jatcs
fol cllal:c and discharge. ‘J’hc clmrgc atd discbatgc
cut-vc.s  fo! this upgraclcd  mdc.1 at c  atlacbed a s
l;i:,Lllcs (8 aid 9). ‘J’hc.  rcwisc41  mid-plalcau jmkmiials
wclc cx [ [aclcd. }iigutcs (1() ad 1 1) slmv t h e
c.mda[im (0 bclwcm tbc model and tl]c hoilcq)lalc
m id-p] atcau Im[cmtial  fm the cdl and the positive.
clc.ct I ode I’csjw[ivcl y. ‘] h CLI l’vCS Shf3\V a VCJ’y :,00(1

C(WI clat  ion  bctwccm the. boilc.t pla[c d a t a  ald tllc.
simulation. ‘J’his  i n d i c a t e s  (be o~cl-])c)tclllial
Jclat iollsbiJm al c roughly cot Jcd,

Nfolc dciailccl cx~lnparison$  can bc CIOIIC b y
compat  ing cxm}plc(c charge or discbatgc cLIrvc sets.
11 c.8tI  bc said itl gc.tm al that lhc. mcule.1 ltas very good
fit with tlm cxcc])liojt of tlm bcgitlning,  of cllatgc and
d i sc.b  a lge.. ‘J’hc mock]  has a Ic.nclcnc.y to rc.spcmd too
qu i ck ly  t o  the. C.LIL’I’CJ)t tllrll c m . ‘1’hat i s ,  tllc
ovcrpotcntials appmac.b  a pscLdo-slcady-s{ ate. t o o
quickly. ‘1 ‘his same. chatactcris(ic will bc seem in tlm
fli:h(  simulations that follow.

jili:bt IIa!lcry Sitnulaticm

S e v e r a l  c a s e s  h a v e  bcm sludic41 to
dc.mml$h ate. the battwy mdcl’s abili[ic.s fm lliakillg,
fligtlt c)l fligllt-like siallllaticms. ‘1’hc ‘1’opcx  spacecraft
is all Cal III o! biting Satc]litc which LISCS the. Modular
]’m’c]  hhySKVN (hfl)S). ‘]’]LC hI1’S  USCS tllc N A S A
statdald  bal[cry dcsigtl, wit]) 50 AI]  ccll~.

‘1’lm  sLlbsystrlll opwatcs with V“l’ cllatgc
cmtml in a 1 m’ li,ar[l~ orbit, (1,10) Icgit lm. ‘1 ‘lIC
mission h a s  varyitlg lcng[h  occLI It at ion ]wids,
cmalitl:, variable. dischatgc.  pcficds and (1X)] )’s).

“J’hc. ca$cs studicrl  arc. high 1)01) ca$cs. OIm
caw is flom the acl Llal sl>accc.ra17,  and the olhcr is
from a gK)LInd  mission Sinlulation  balmy Icst running
al J1’1,. 11011]  ale’ 112 nlinutc mbi(s. ‘J’hc flijjlt  caw
is ap])l mximatcl y a 15 Ampere c.llatgc la[c. ald tbc
gl oLItd  test is 25 Amlw.rc.  peak rate.. ‘1’hc.  discllatgcs
arc done. al 10 AnlpcLcA  for M mit~Lltcs. ‘1’he flight
case is 1’lIIL al l(Y’(: while the. ground test is at ?0’(:.
‘1’hctc. is also a diffcrcncc  itL the V1’ lcvcl$ used. ‘1’lIc.
SJlaCMU”ar[ Ca$C Was al V’]’  #~~ ad tbC gl’OLllK[  W’aS a t

w  w.

1 ‘igurcs 12 and 13 slmw’ comparisons d
prcdic.tion~ to gloLIncl  test data “J’hc groLIfd tcsl dala
])lovidcs cxccllcnt dala quality and a  carcfLll
aJqmxiiilatioll of flight colditioils.  liigLlfcs ]4 and ]5
provide. compariscm$  to aCtLlal flight clala, wbicb ha$
lcmw resolution and pomcr data qualily. 110111 data
SC.[S arc. accc.l)[ablc for tl)csc. comparisons.

‘1’hc llmdcl clocs vcty wc.11 al ]uLdictitlg tllc
cll(l-of-(liscllargc voltage for both ca$cs. It is w’itllill
0.10 volts at [Im bat (cry ICVC1 for tbc. WOMC of tbc
two.  I t  dots  not do as wc]l at tl)c tx.ginning and
middle of the. dischatgcs, CIW to a dirrctw slope to
the dischatgc.  cLirvcs. ‘1’hc otbct imjm  lanl area to
study is cbargc cummt. ‘1’hc mcxlc]  d o t s  a  ]wat  Iy

lklrc.d job of pcdic.titlg cd-of-charge  cwlc{lt. It is
lCSS aCCLll alC at Cal”]iC[ Ctlal~C. CL1l’l  Cllt lMC(liC.tiOll$.

(iclmal  Iy, after machin:,  smnc }MXKICJ-  steady
s[alc, the. mode] is highly acm am, bLlt shol IIy artc[ a
C.llll C.llt tlall$i(ioll, it iS l[lllCb  ]CSS aCCL1l’atC. “J’his

1)1 oblcv[l  i s  tllougll[ to come flom tltc lmsitivc
c.tc.c.tmdc., and ]wobably flom t h e  tvcatmc.td of tllc
adivc  nlatr.t ial layer.



1 ,ifc cycle tcsling of tbc. boilerplate cdl lla$
shown cl~anfys over t imc in tbc posilivc. clcc([ ode.,
and to a lcssm dcgrcc the ncgalivc clcctI ode. 1 ‘igurc
(16 , 17, 18) show tbc c.bang,cs in tlm cell, posilivc,
ad lmg,a[ivc  clcdmdc.s  owl 100 cyc.lc.s. ‘J’hc J-it>(
cyc.lc. shows potentials very simulnl  to the orbital
lwdic(icms in l;iguws (13) and (15). AfIcI the fiIs[

c.yclc.,  all [1)1 cc show a growing t rcml of “s’’  -slmpcd
discbargc C.uwcs. qhc, “s’’+l~fi]~,  i s  ia(lica(iw  a

(iccrcasing quanlity of aclivc mate.rial being cycled.
As tlm cyc l ing ,  capacity of tbc f a v o r e d  pllasc
dc.creases, a wridcr rang,c of states-of-chaqw arc
accc.sscd. ‘1’l}crlilm!yllaillically, this fo~ccs the “s”-
sllalw to c. IImJgc, ‘I”hc ralc of chanp,c in (hc potc.ntiat
mwc implic.s tba[ aclivc material sc.gmgat c.s very
quickly. ‘J’his  sc.grcgation  wil I  ullimalcly Icad to
scccml  pla[eaus  m dcc.p discbarg,c.  ldcnlifying tbc
charac.tcris{ics  of tbcsc sc.pat’atc pbascs is crucial to
Jllddillg  pxformanc.c  on cycling as wd I as thC
sc.vcre fwns  of dcfg’adatim  seen on extended c.yc.ling.

~ )isc.uwim

‘J’his  Jncxlc.1  has shown ll~al it is possihlc  to
plcdic[ beginning of life performance of the Ni-(kl
cdl wi[b  faidy  god  acxwacy. lwflipl](  s imu la t ion
r’cquire.  bct(cr knowledge. of tbc c.ffcds of Cydiag cm
tllc nickel clc.c.lmdc in the ac~ive matcl ial, Since the
c.barackristics  of all of the phaw p[ cw( arc no[
fill Iy known, il is difficu]( to Jl)OdC] tllcm . ‘1’}IC ])JO(OII

diffusion Cocffic.ient, and tbc conductivity effcds  in
tllc ox ide  f i lm  are of Jwitnary impmlanc.c. ‘J ‘he.
transpmt proldcJns may not follow classical bcbavim.
l’ossiblc J>alhs for in] Jmvcmcnl  arc tbc ilwqmlatioa
of fractal cliffusion  in place o f  iclcal diffwion,
i ncorpmati  on a  variahlc. diffusiml c.ocfficicnt,
acmunling  for active. niak.lial hckmgcncity.  a n d
fut llw mfitmmcn( of (1IC film’s t r e a t m e n t  as a
sc.JllicoldllcloJ’.

‘ J  ‘ltcsc aclvanms arc. gcmric  10 tlm Jlic.kcl
e]cddc in al i Jlicke]  calbodc  bat tc.ry sys[c.m. \\ TOI’k
cm UNICI standing tbc dcgrada[ion  pmcesscs k nickc.1
efcd rode.s  wi I I lx rcflcdcd  in fu t u IC JI1OCICIS of t be
Ni-1 l?, Ni-Ml 1, and Ni-Ym  syslcJns.  ‘J ‘lm degraclalicm
aspecls arc CJ’LICia] to  acc.rwalcly pc.clictitlg flight dala.
1  t w a s  shown t h a t  t h e  pcrformanc.c chan~c.s
substaatialiy  ia as few as tcn c.yc.]cs. ‘1’hi$  Jwdds tics
lhc dC.SCl’iJX i o n  Of tbC fuldalnclllals  Of c]c4’.(I  O([C.
opcra[ion  to tbc application of the bai[c.rics.
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I1OS(OD,  hlA, AUgUSt  J991, VO1 3, p]) 358-363.

5.) ]>aul “1’imamrlnaa, “Acmspacc  Ni-(kl }Ial[cry
l’c.rfm mane.e hfrdcll  ing: An Ilpdatc.”, IIi(:}i(:,
A[lallta, (iA, Aup,rMI  1993.

6.) J%Lil ‘J’ilnmcrman,  “’1’lJc JJ’I /NASA/J’Ah4[  1
N i c k e l  (~adtnium IIattc.ry h~culcl: 1 h’C.k)])Jl)Cllt

Status”. N A S A  1 lallc.ry Workslml) l’mccc.dinp,s.
lluntsvillc,  Al+ Nov. 1992.

7,) hl.K, (;arpcntcr and 1  J.A. (kmigaa,
“J’llolm-lcctt( ~l~c.I~)islly  of Nickel-l Iydmxidc ‘J’hin
l;ilms”. JIIIX, Vol. 136, No. 4. April J989.

8 . ) J. h!c.1 INCH, “Nit.kcl-l 1 yclmxidc. 1 ;Ic.c[mdc:
S[llldlllc and l)crformancc” I’J occcdiag,s cm
SymJmiutn on tlic. N icke l - l  1 ydmxidc } lICC.IIWIC.
Vohmc  90-4, c d .  1).A. (kmip,al)  and A .  I l .
Ziil[nmlman, l’ubli+cd  by ‘1’JIc. 1 ilcctl(K}lct])i  c.al

Soc.ic(y,  l’cnlling[on, NJ, 1990

9.) R. IIarnard  ct. al., “’J’IN came. of residual
capacity iti nickc.1  hydroxide e.lcd t oks”, J. c)f Applied
IIle.c(lw.llclllist[y, I(I (1980) 61-70.

‘J’hc wwk dcscribcd bcrc was can icd OLI(  fit tbc Jet
Propulsion 1 ,aboralmy, (;alifcmia  lnslilulc  of
‘1 ‘ed~ nolo:,y undc.1 c.ontracl witl~ tbc Nalicmai
Acvonau[ics and S])acc Administlatiml. Rmlrac.t
NAS7-  127(I is ackudcdf,cd.



1 {iguw 2: lhilcrplatc  Cell Charge
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];igurc  7: l’dmtial  l’rdidion IJigurc 8: Upclatd l’mdidio]ls
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